6000 series Al-Mg-Si alloys are frequently used for welded structures. The present investigation is conducted to evaluate the level of mechanical properties, especially impact toughness of welded Al-Mg-Si alloys with different amounts of Mn addition and using two types of fillers Al-Si (A4043) and Al-Mg (A5356), respectively. Particular attention is paid to the effect of microstructure on toughness. As one of the most important characteristics of a structural material, toughness is evaluated by the instrumented Charpy impact test method. When Al-Mg filler is used and Mn is not added, recrystallization occurs in the heat affected zone (HAZ), however, recrystallization can be suppressed by a small amount of Mn addition. The structure having large coarsened recrystallized grains is more susceptible to liquation crack that is detrimental to the mechanical properties, especially toughness. The results obtained show that toughness of the welded metal can be improved 20-30% by adding Mn. Using A4043 filler, the level of absorbed energy decreases as the content of Mg increases, and low Mg and without Mn addition results in a good combination of the mechanical properties. However, using the A5356 filler, the level of absorbed energy increases as the content of Mg increases and decreases as the Si content increases. In this case, the highest value of absorbed energy was recorded for alloy 8 (0.7%Mn). When A5356 filler is used, the toughness is about 56% higher than using A4043 filler.
Introduction
In the automobile industry, efforts have been concentrated to minimize the energy consumption and reduce the environmental impact. In addition, fabrication of structural bodies involve, in most instances, the application of a joining process, that is, combining one part with another. For such social demands, an important group of aluminum alloys would be 6000 series aluminum alloys, which constitute the Al-MgSi alloy system. Al-Mg-Si alloys are the commercial alloys, which have been widely used as materials for welded structures. Usually welded Al-Mg-Si alloys have some problems, such as low fracture toughness in the heat-affected zone near a weldment due to liquation cracking.
1) The existence of liquation crack has a negative effect on the mechanical properties. To characterize the effects of the defects, toughness of the weld metal is usually evaluated using notched specimens. In a previous paper, 2) it became clear that using A5356 as a filler with addition of small amount of Mn is effective to suppress recrystallization, which leads the drastic decrease in fracture toughness by liquation crack. Another type of filler, A4043 (Al-Si wire) is also used. It is interesting to compare the result with that of A5356 filler, especially the effect of Mn addition. In the present research, the toughness tests of welded materials were carried out using the instrumented Charpy impact testing machine. Particular emphasis is placed on the determination of toughness of base material and the welded metal using the two types of fillers A4043 and A5356. In addition, for the base metal, tensile tests were carried out and fracture surfaces were also examined.
Instrumented Charpy impact test and tensile test
Half-sized Charpy V-notch specimens (Dimensions: 10 mm × 5 mm × 55 mm, span length: 40 mm, notch root radius: 0.25 mm, notch depth: 2 mm, notch flank angle: 45
• ) were cut/machined perpendicular to the weld bead. Figure 1 shows the geometry of the impact toughness test specimen. The direction of crack propagation is opposite to the welding direction and the specimens were orientated and notched according to Fig. 2 . The instrumented Charpy impact testing machine used has a capacity of 98 J and impact speed of 4.5 m/s. E i (nominal crack initiation energy), E p (nominal crack propagation energy) and E t (total absorbed energy) were evaluated from load-deflection curves obtained at room temperature.
3) Figure 3 shows a schematic load-deflection curve for toughness evaluation by instrumented Charpy V- Table 1 shows chemical compositions of the base materials and fillers used in this study. The amount of Mn varies from 0.01 to 0.72%. The base materials were obtained as plates of 6 mm in thickness in the T6 condition. Filler materials used were A5356 (Al-Mg alloy wire) and A4043 (AlSi alloy wire) having a diameter of 1.6 mm. Before welding, the base materials were fastened on a copper support for the purpose of cooling and a groove was precisely introduced on their surface with an angle of 60 degrees and a depth of 5 mm. Moreover, the surface was carefully cleaned and prepared for welding. The welding procedure is metal electrode inert gas welding (hereinafter, MIG) technique and the welding direction is perpendicular to the extrusion direction of the base metal. The parameters of welding are arc current: 230 A, arc voltage: 23 V, welding speed: 400 mm/min, Ar gas flow rate: 25 L/min and number of passes: one. The molten metal reached bottom of the base materials. notch test. According to the previous research, 2) for the determination of impact toughness, specimen locations were decided according to the variation of Vickers hardness as a function of distance from the fusion line as shown in Fig. 4 . 2) Notch position of the first sample is located in the center of the bead, while for the second to the fifth notch positions, the distances from the fusion line are 0.5, 4, 13 and 20 mm, respectively. According to Fig. 5 , crack propagation for the second notch position is mostly in the weld metal and partially through the HAZ. For the third position, crack propagation is mostly in the HAZ and partially in the weld metal. Moreover for the base metal (notch position 5), tensile tests were carried out using an Instron testing machine. The machine used has a capacity of 98 kN and cross head speed of 0.5 mm/min. The tensile test specimens have the longitudinal axis parallel to the extrusion direction, which is the same as Charpy V-notch specimens.
Experimental Procedure

Welding conditions and specimens
Results
Characteristics of base metals
In the case of base metal, experiments were carried out using the samples having notch position 5. Figure 6 shows the relationships between absorbed energy and Mg and Si contents. The E t decreases as the contents of Mg and Si increase. E p is strongly influenced by the amount of alloying elements such that when the content of Mg increases, E p decreases, following the same trend as E t . Figure 7 shows the relationships between Mn content and the absorbed energies in Al-0.9%Mg-1%Si base alloys with different Mn additions; 0, 0.4, and 0.7%Mn, respectively. The values obtained for 6061 and 6N01 are shown for comparison. When Mn is added, E t drastically increases, E i increases from 1.9 to 2.0 times, and E p increases from 3.4 to 4.3 times. Figure 8 shows fracture surfaces after the instrumented Charpy impact test, indicating evidence of grain boundary fracture and dimples depending on the Mn content. Usually grain boundary fracture results into low E t . Figures 9, 10, 11 and 12 show the relationships between the absorbed energies and tensile strengths, yield stresses, elongation and Vickers hardness, respectively. As shown in the figures, alloys 5 and 11 with 0.7%Mn and low Si and Mg contents exhibit low yield stress together with large elongation and relatively high toughness. On the contrary, alloys 10 and 13 with 0.7%Mn and high contents of Si and Mg show a combination of high strength and low toughness. In alloys 4, 6 and 9 without Mn addition, the balance by 37% and 15%, respectively, than those of the base metals. Ductility is essentially lower in the weld metal for notch position 1. Generally, for the center of the weld bead, the structure appeared is mainly influenced by thermal conditions and influenced the ductility. 2, 4) Comparing with A5356 filler, which will be shown later, E i and E p decrease by 28% and 41%, respectively. When the content of Mg and Si increase, E i , E p and E t decrease. In the case of less tough materials, Figure  14 shows the relationships between Mn content and the absorbed energies for the alloys 6, 7 and 8 welded using A4043 as a filler, for notch position 1. The values obtained for the alloys 6061 and 6N01 are shown for comparison. The influence of Mn addition is opposite to that observed for the base materials. According to Fig. 14 , the highest level of absorbed energy is recorded for the alloy having 0%Mn. The material without Mn addition can absorb several times larger energies, especially E p . Figure 15 shows the relationships between absorbed energies and Vickers hardness in the center of weld metal. It indicates that for alloys 2, 13 and 11, with high Mg content, which show low toughness, the strength is higher, while tough alloys such as 6, 4, 1 and 15 with low Mg content show lower strength. Figure 16 shows the relationships between absorbed energies and Mg content, for notch position 1. Alloy 6 having 0%Mn and 0.9%Mg shows the best toughness. All of the samples welded using A4043 filler showed typical dimple fracture surface.
between strength and toughness is the worst, while alloys 3, 7 and 8 show relatively good balance between strength and toughness.
Characteristics of the weldment obtained using Al-
Si alloy filler Figure 13 shows the relationships between absorbed energies and Mg and Si contents in the materials welded using A4043 as the filler for notch position 1. E i and E p are lower Figure 17 presents relationships between absorbed energies and Mg and Si contents in the 0.7%Mn materials, for notch position 1. The toughness is higher than those obtained using the A4043 filler. Figure 18 shows the relationship between the Mn content and the absorbed energies, for the alloys 6, 7 and 8 welded using A5356 as a filler, for notch position 1. The values obtained for 6061 and 6N01 are shown for comparison. When the Mn content increases, E i does not change to a discernible extent, but E p increases approximately by 2.6 times, and consequently, total energy, E t , also increases. Figure 19 shows the relationships between the absorbed energies and Vickers hardness in the center of the weld metal. Alloy 8, being compared with the others, has the highest level of absorbed energy. Mn addition suppresses recrystallization and the structure is less susceptible to liquation crack 2) and as a result the level of absorbed energies is superior to the material without Mn addition. The influence of Mn is positive but it is opposite to that obtained in the case of A4043 filler. Hardness is rather higher in the case of A4043 filler than A5356 filler, and therefore the toughness is inferior to A5356 filler. Using A4043 as a filler, Mn alloying increases the brittleness of the weld metal. A negative correlation is also observed between HV and toughness. However, fracture surfaces obtained after the Charpy impact testing show dimples on all fracture surfaces and no obvious difference is observed between the two welded materials.
Characteristics of the weldment obtained using AlMg alloy filler
The influence of alloying elements in weld metals using Al-Si and Al-Mg fillers
The filler alloy plays an important role in establishing weld properties of 6000 series Al-Mg-Si alloys. In this respect, two types of fillers are used, A4043 filler alloy with high Si content and A5356 with high Mg content. The discussions are focused on the influence of Mn, Mg, and Si contents on absorbed energies and Vickers hardness. In welding of Al-
The influence of alloying elements in the base metals
According to Fig. 5 , the base metals were evaluated using the notch position 5. In Fig. 7 , the level of absorbed energies increases as the content of Mn increases and the highest value of absorbed energies is for the alloy 8 (0.7%Mn). In the base metal, recrystallization is suppressed by the Mn addition when it is above 0.4%, showing that the fibrous microstructure remains. The existence of the elongated grains suppresses grain boundary fracture, and thereby the decrease of toughness does not occur.
1) The influence of Mn in base metal is positive. Moreover, alloys 3, 7 and 8 with medium alloying elements of Mg, Si, and Mn show relatively good balance between strength and toughness. Alloy 6 (0%Mn) shows the worst balance between strength and toughness. Fundamentally, the toughness values of the base metal are higher than those of the welded material. It can be concluded that the alloys should be chosen by considering toughness of the
Discussions
Effects of microstructure on impact toughness
It has already been reported that recrystallization is suppressed in the HAZ of materials with Mn addition and which are welded with a A5356 filler alloy, while fibrous obtained texture after rolling is well maintained in the HAZ by adding Mn.
2) Even for a small amount of Mn addition (0.1 mass%), small Mn bearing particles suppresses the grain boundary migration. On the other hand, larger recrystallized grains are observed in the 0%Mn material. Microstructure having coarsened recrystallized grains is more susceptible to liquation crack that is detrimental to mechanical properties, particularly to impact toughness. Usually, the liquation cracks are considered to be welding defects, which are formed by opening of grain boundaries next to a melt pool at high temperature due to local eutectic melting and subsequent impregnation of the molten metal into the opened grain boundaries. 1) Insufficient impregnation causes the liquation cracks, especially when the fluidity of the metal is not high. However, in this case, no discernible welding defect is observed before tests. According to Miyazaki 5) who used the Varestrain test, liquation cracking was predominantly developed within the HAZ where grains were coarsened. In the previous papers, 1, 2) EDX analysis showed that along a grain boundary located at about 420 µm from the fusion line, where a liquation crack appeared, only the peak of Mg was identified and the details of formation mechanisms was presented. The grain boundary strength seems to be lowered by the formation of a film-like brittle layer.
2) Nevertheless, it can be concluded that Mn addition reduces the crack susceptibility and will have a positive influence on mechanical properties. boundary fracture surface. On the other hand, in alloys 7 and 8, for all notch positions, the fracture surfaces do not show grain boundary cracking. Before testing, no liquation cracks were observed; very low impact toughness is obtained when no Mn is added. Coarse recrystallized grains are often observed in the surface layer of the extruded materials without Mn addition after welding. Therefore, the effect of the welding conditions and microstructure of the base metals on the low toughness of the HAZ should be considered. filler alloys. Some micro-defects may also be related, but the details will be studied later. It is worthy to note that the base metal of alloy 6 shows evidence of grain boundary fracture, which brings low E t . Figure 20 shows the fracture surfaces of alloy 6 welded with A5356 filler for different notch positions: center of the weld bead, 0.5, 4, 13, and 20 mm from the fusion line, according to Fig. 5. In Fig. 20 , the fracture surfaces for the notch positions 1 and 4 are dimple type transgranular fracture. For notch position 5, the fracture surface is the same as in the base materials. Notch positions 2 and 3 show a characteristic grain Mg-Si alloys, Al-Si or Al-Mg filler wire is used primarily to prevent liquation cracking which is detrimental to mechanical properties, especially impact toughness. When the Mn content increases, E i does not change to a discernible extent, but E p increases drastically, thereby total energy, E t increases drastically. Basically, E i and E p are the products of strength and ductility, respectively. The area under the load-deflection curve represents total absorbed energy E t , obtained by the summation of E i and E p . Using half size Charpy V notch specimen under the dynamic fracture regime, deflection of E i is shorter than deflection of E p for a ductile material, particularly 6000 series Al alloys. It can be concluded that E t is mainly influenced by E p for a ductile material. As a result, E t increases drastically because of strong increasing of E p . Usually, MIG welding procedure using Al-Si wire brings reasonable toughness. Using A4043 filler metal, according to Fig. 12 , the values of absorbed energies decreases as the Mn content increases and the best balance between toughness and Vickers hardness is recorded for the alloy 6 (0%Mn). The influence of Mg is not so clear but some correlations are observed. According to experimental results, it can be concluded that alloys 6 having low Mg and no Mn addition has a good combination of mechanical properties for the Al-Si series filler. This situation can be explained in the terms of location of liquation cracks on the area where the specimen is notched. The reasons for liquation crack are known, especially on the propagation mechanism, however the locations where liquation crack appears are unknown. Also, the toughness of the weldments using A4043 filler is poorer than those of base metal, except alloy 6 whose toughness is almost same (1) Quite different tendencies are observed depending on the type of filler; Al-Si or Al-Mg type. Using A4043 filler, Mn addition is ineffective compared to the case of Al-Mg filler, and the toughness is degradated, while the weld metal becomes more brittle. In this case, the hardness of the weld metal is higher than using the Al-Mg filler, but toughness is inferior to Al-Mg filler.
(2) Using A5356 filler, with no Mn addition, recrystallization occurs in the HAZ, however, recrystallization can be suppressed by a small amount of Mn addition. The effects of Mn addition are large, especially on the impact toughness. When the Mn content increases, E i does not change to a discernible extent, but E p increases drastically, thereby total energy, E t , increases drastically. Especially, low Si content and higher Mn content gave good results. When A5356 filler is used, the toughness is about 56% higher than using A4043 filler.
(3) Generally fracture surfaces obtained after the Charpy impact testing show ductile type fracture. Usually, when no Mn is added and A5356 filler is used, fracture surface shows the appearance of grain boundary fracture.
(4) It should be noted here that since mechanical properties of the weldments, especially toughness, are lower than those of the base materials, combination of the base materials and weldments should be considered from a view of the properties after welding.
bring low toughness. The other fracture surfaces show the appearance of ductile fracture having alternate dimples. It can be concluded that the impact toughness of weldments using A5356 filler is lower than that of the base metal and follows the same trend. In both cases, the toughness increases with increasing of Mn content. When A4043 filler is used, the hardness is rather higher than A5356 filler, therefore the toughness is inferior to A5356 filler. Using A4043 as a filler alloying of Mn to weld metal has a negative influence and accelerate the brittleness.
Conclusions
Mechanical properties such as strength, hardness and impact toughness were evaluated for the 6000 series base materials and their weldments over a wide range of Mn, Mg and Si contents. Based on the present investigation, the following conclusions can be drawn:
as the base metal. Usually, MIG welding procedure using AlMg wire gives higher toughness.
When A5356 filler is used, the toughness is about 56% higher than using A4043 filler. According to Fig. 17 , the values of absorbed energies increases as the Mg content increases. E t also tends to decrease when the Si content increases. Alloying elements such as Si usually increase the susceptibility to liquation crack that is detrimental to the mechanical properties, especially toughness. Figure 18 shows that the level of absorbed energies increases as the Mn content increases. By adding Mn fibrous texture that is obtained after rolling is well maintained in the HAZ and will influence positively on E t . Toughness increased more than two times in alloy 8 with 0.7%Mn than 6 with 0%Mn. Alloy 8 being compared with the others, exhibits the best balance between hardness and toughness. Fracture surfaces, according to the distance from the center of the weld bead, show two different types of fractures. Notch positions 2 and 3 show a characteristic grain boundary fracture surface. The liquation cracks are more numerous in the vicinity of fusion line of HAZ, which
